Background and Aims Studies have linked adolescent alcohol use with adverse consequences in adulthood, yet it is un-
INTRODUCTION
Alcohol use is common among young people in middle-and high-income countries [1] . Among 15-19-year-olds, 34% are current drinkers and 12% report recent heavy episodic (binge) use [2] . While adolescent alcohol use has been declining in some countries, prevalence remains high in eastern Europe, Australasia, western Europe and North America [3] , despite major investment in prevention and policy initiatives [4] .
Adolescent alcohol use has been linked to physiological and behavioural harms [5] [6] [7] . It can affect early brain development [8] and increases the risk of alcohol use disorders and disease in later life [9] . Heavier alcohol use may affect mental health adversely [10] and increase the risks for other substance use [11] , risky sexual behaviour [12] , gambling [13] , violence [14] and persistent delinquent behaviour [15] (Supporting information, Appendix 1). Despite these putative harms, recent systematic reviews of the longer-term consequences of adolescent drinking have concluded that evidence is sparse and of poor quality [6, 7] . Limitations of extant studies include insufficient statistical power to examine less common outcomes of adolescent drinking patterns; poor control for confounding; and evaluations of associations limited to single cohorts or social contexts. Hence, it is unclear how strong the associations are and which adolescent drinking patterns should be the focus of prevention.
We addressed these issues by integrating data from four longitudinal studies in Australia and New Zealand [16] [17] [18] [19] . We integrated participant-level data rather than using meta-analyses to combine study-level estimates. This increased sample size and statistical precision to investigate lower prevalence patterns of alcohol use, such as heavy episodic use at a young age. It also enabled a wide range of potential confounding factors to be included, and augmented our ability to generalize findings to the region and other highincome countries better than any individual study [20, 21] .
Our aim was to estimate the longer-term psychosocial consequences of three different patterns of alcohol use in adolescence, namely: frequent, heavy episodic and problem drinking.
Specifically, we aimed to develop consistent measures of adolescent drinking and each outcome across the cohorts; estimate the association between the pattern of alcohol use before age 17 and each outcome in adulthood using the combined data; and adjust these associations for potential confounding factors that spanned individual, family and peer characteristics and behaviour.
METHODS

Design and participants
Integrative analyses were developed throughout [22] the following: the Australian Temperament Project (ATP) [16] , a longitudinal study that commenced in 1983 as a sample of 2443 infants (aged 4-8 months) and their parents in Victoria, Australia. The ATP has been assessed on 16 occasions in childhood through to adulthood (age 32); the Christchurch Health and Development Study (CHDS) [17] , a longitudinal birth cohort of 1265 children born in the Christchurch, New Zealand, urban region in 1977. The cohort has been assessed on 24 occasions from birth to age 40; the Mater Hospital and University of Queensland Study of Pregnancy (MUSP) [18] , a 1981 birth cohort assessed on 10 occasions to age 33, in Queensland, Australia. Assessments on children were conducted on five occasions from age 6 months to 30 years; and the Victorian Adolescent Health Cohort Study (VAHCS) [19] , a 1992 longitudinal study of a representative sample of 1943 mid-secondary school adolescents in Victoria, Australia. Participants were assessed at least once during recruitment in years 9 or 10, and on four other occasions during adolescence with four follow-ups to age 35 .
Additional information about the cohorts is shown in Supporting information, Appendix 2. Analyses were based on assessments between ages 13 and 30. The number of participants in the analyses varied (from 807 to 9453), as not all cohorts assessed all measures.
Measures and outcomes
A description of measures used to assess alcohol use and outcomes and the derivation of variables is summarized below, with additional information in Supporting information, Appendix 3. We assessed three different patterns of alcohol use that corresponded to specific adolescent drinking contexts investigated in previous studies [7, 23] for which data were available (assessed 1991-98) throughout the cohorts (frequent, heavy episodic and problem drinking):
Frequency of alcohol use in adolescence: The ATP assessed life-time use and number of drinking days in the past month at ages 13 and 15. The CHDS assessed past 12 months' frequency of use at ages 15 and 16. The MUSP assessed frequency of use at age 14. The VAHCS assessed current drinking status and number of drinking days in the past week using a 7-day drinking diary at six assessments between ages 15 and 17.5. Using these data, a measure of the maximum frequency of alcohol use prior to age 17 was created for each study (0 = never, 1 = less than weekly, 2 = weekly or more often).
Number of standard drinks consumed per drinking occasion in adolescence: The CHDS assessed the amount of alcohol consumed (in ml) per occasion at ages 14, 15 and 16. The MUSP assessed the number of glasses of alcohol consumed per occasion at age 14. The VAHCS assessed the average number of standard drink units consumed per drinking day in the past week at six assessments between ages 15 and17.5. Using these data, the distribution of maximum number of standard drinks consumed per drinking occasion prior to age 17 was classified for each study (0 = ≤ 2 standard drinks, 1 = 3-4 standard drinks; 2 = 5-6 standard drinks; 3 = 7+ standard drinks).
Number of alcohol-related problems in adolescence: The ATP assessed the life-time frequency of five drinkingrelated problems at age 15. The CHDS assessed the number of alcohol abuse/dependence symptoms in the past 12 months at ages 15 and 16 using the Rutgers Alcohol Problems Index [24] . The VAHCS assessed the frequency of 13 drinking-related problems during the past 6 months at six assessments between ages 15 and 17.5. Using these data, the distribution of maximum number of alcohol-related problems prior to age 17 was classified for each study (0 = no problems, 1 = 1-2 problems, 2 = 3-4 problems, 3 = 5+ problems).
Measures of 30 psychosocial outcomes were assessed between ages 21 and 30 (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) We selected a wide range of potential confounding factors correlated with alcohol use and psychosocial outcomes [7, 25] spanning individual background and functioning and parental and peer factors (Supporting information, Appendix 4). Factors assessed antecedent to alcohol use were included where available.
Statistical analysis
We examined the bivariate associations between each adolescent alcohol exposure and the psychosocial outcomes in each cohort in the combined data set. A generalized linear regression model framework was used. Logistic regression models were fitted for dichotomous outcomes, negative binomial regression models were used for count data and linear regression was used for continuous outcomes. Study-specific random intercepts were included to allow for random sources of heterogeneity between cohorts that were not reflected in the model otherwise (Supporting information, Appendix 5).
The bivariate associations were adjusted for confounding using a generalized propensity score approach [20, 21] . Propensity scores were estimated from a multinomial logistic regression in which each adolescent alcohol exposure was regressed on the available confounding factors in each study (Supporting information, Appendix 5). Adjusted effect-size estimates [odds ratios (OR) for dichotomous outcomes, incidence rate ratios (IRR) for count data] and 95% confidence intervals (CI) were obtained. A Bonferroni-adjusted P-value (P < 0.002) was used to minimize false positive findings, computed for a nominal P-value of 0.05 and the average correlation between all outcomes (Supporting information, Appendix 5).
The models assumed that the alcohol exposures had a linear effect on each outcome and that the effect of the alcohol exposures throughout cohorts was reflected in a common slope parameter. To test these assumptions, a series of Wald χ 2 tests were performed (Supporting information, Appendix 5). Finally, the regression models were re-analysed by weighting [26] data by the inverse probability of retention to assess the effects of bias from sample attrition and missing data (Supporting information, Appendix 6). Stata SE (version 14) was used. Table 1 shows the prevalence of each alcohol exposure before age 17 in each cohort in the combined data set. There were some between-cohort variations in the prevalence of The following results report analyses from data combined across the cohorts. Table 2 presents the rate or mean of each outcome according to levels of exposure across the three alcohol use measures.
RESULTS
In unadjusted analyses, almost all outcomes were associated significantly with at least one adolescent alcohol exposure (Bonferroni-corrected P < 0.002; Supporting information, Appendix 9). After adjustment for potential confounding factors, 10 outcomes were associated significantly with at least one adolescent alcohol exposure using a Bonferroni-corrected P-value (Table 3) . Table 4 shows the covariate adjusted estimates of effect size (OR, 95% CI) for levels of each adolescent alcohol exposure for each outcome in combined data for associations that were statistically significant (Bonferroni-corrected P-value). There was a dose-response relationship between increasing exposure to alcohol before age 17 and increasing rates of alcohol use and alcohol-related problems, other substance use and antisocial behaviour in adulthood.
Strong associations remained after adjustment for confounders between exposure to alcohol before age 17 and frequent/heavier alcohol use and alcohol-related problems in adulthood (Table 4) . Adolescents who drank at least weekly before age 17 had three times the odds of a higher number of alcohol-related problems (age 21: OR = 3.04; 95% CI = 1.90-4.84), drink-driving (age 21: OR = 2.78; 95% CI = 1.84-4.19) and alcohol dependence (age 30: OR = 3.30; 95% CI = 1.69-6.47) in adulthood than those who did not drink before age 17 ( Table 4) .
The associations for all three adolescent alcohol exposures were generally consistent throughout all alcohol outcomes and ages (21, 24, 30 years) , with the exceptions of drink-driving (only associated at age 21 with frequency of drinking) and alcohol dependence (only associated at age 24 with number of alcohol-related problems and at age 30 with frequency of drinking).
Associations were also observed between exposure to alcohol before age 17 and other substance use in adulthood (Table 4) . After adjustment, adolescents who were frequent drinkers (weekly+) had 1.6 times the odds of being a tobacco smoker at age 21 (OR = 1.60; 95% CI = 1.21-2.10) than never drinkers. Heavy drinking adolescents (7+ drinks per session) had approximately double the odds of other illicit drug use (age 21: OR = 1.81; 95% CI = 1.32-2.48) than adolescents who drank ≤ 2 drinks per session.
The association between number of alcohol-related problems before age 17 and antisocial behaviour at age 21 (OR = 3.92; 95% CI = 1.97-7.84) was also significant (Table 4) . Table 5 shows the adjusted attributable risk (AR) for each alcohol exposure estimated from the regression models in combined data. It estimates the proportion of the outcome attributable to each alcohol exposure, assuming that (a) exposure can be limited to the lowest category and (b) exposure to the highest category can be prevented and individuals in the highest category instead had been in the penultimate category (Table 5 ). For most outcomes the AR estimates for frequency of drinking were greater than those for the other alcohol exposures.
After adjustment, associations between adolescent alcohol exposures and outcomes related to sexual risk-taking and early parenthood, accidents, socio-economic functioning, mental health and partner relationships were no longer significant (Bonferroni-corrected P-value). Results using an alternate adjustment method were consistent with those reported in the main analysis (Supporting information, Appendix 10).
Analyses using data weighting to assess the impact of missing data produced findings entirely consistent with those of full data (Supporting information, Appendix 6).
DISCUSSION
Study findings extend previous research on the link between adolescent drinking and adverse outcomes in adulthood by integrating data from four studies and controlling for a broader range of covariates than possible in traditional meta-analyses. Adolescent alcohol use assessed in three different ways predicted most adverse outcomes investigated to age 30; however, many of the associations were explained by other covariates. Frequency of drinking accounted for a greater proportion of the rate of most adverse outcomes than the other measures of alcohol use.
The findings provide robust evidence that early patterns of drinking are not time-limited to adolescence and extend into adulthood. Heavy alcohol consumption in adolescence was a particularly strong predictor of problem adult drinking, consistent with a large evidence base [12, 27, 28] . Associations between adolescent alcohol use and other substance use were consistent with research that has g Scored such that a higher score indicated a poorer quality relationship. *P < 0.05; bold type = Bonferroni-adjusted P < 0.002; adjusted using a multiple propensity score approach, with propensity scores computed for each individual based on the available probable predictors of adolescent alcohol use and combined across studies (further information about the specific predictors included from each study can be found in the Appendix and is summarized here. ATP: school problems, Only Bonferroni-adjusted significant associations shown. NS = not statistically significant; adjusted using a multiple propensity score approach, with propensity scores computed for each individual based on the available probable predictors of adolescent alcohol use and combined across studies (see Table 3 [Correction added after online publication on 2 July 2018: The OR for alcohol dependence at age 30 has been corrected to 1.81] found adolescent drinking has a small independent effect on later drug use [29] and that people who initiate regular use of one substance at a young age are much more likely to use other substances [30] . Alcohol-related problems in adolescence were found to be a strong predictor of subsequent antisocial behaviour, consistent with previous research [15] . Several aspects of the findings support a causal relation between adolescent drinking and substance use and alcohol problems into adulthood. First, there were strong bivariate associations between all three alcohol exposures and these outcomes. Secondly, there was a dose-response relationship in each in which increasing exposure to alcohol in adolescence was associated with increasing rates of these outcomes in adulthood. Thirdly, the associations were robust to control for a wide range of potential confounding factors assessed before and during adolescence. Support for a more direct linkage between early drinking and adverse consequences comes from evidence of an inverse relationship between minimum legal drinking age and alcohol use [31] , binge drinking [32] , traffic accidents [31, 33] and other harms [34] .
There are several plausible explanations for the associations identified. Adolescence may be a vulnerable developmental period for the neurocognitive effects of alcohol use, because alcohol-related brain changes may lead to habituation and disrupted developmental trajectories [8] .
Alternatively, early drinking may be associated with childhood adversity which, in turn, predicts later problems [7, 8] .
In the association between adolescent drinking and antisocial behaviour, it is plausible that such behaviour may have preceded alcohol use [35] ; however, the analyses included a range of externalizing behaviours as covariate factors assessed prior to or early in adolescence.
By contrast, the association between adolescent drinking and other psychosocial outcomes (sexual risk-taking, early parenthood, accidents, socio-economic function, mental health problems and relationship issues) were explained by shared risk factors for adolescent alcohol use and poorer psychosocial functioning. This finding supports the conclusions of previous reviews that the contribution of heavy drinking to these outcomes may be due to uncontrolled confounding [7] . It suggests that early individual and contextual influences account for a large part of the risk for these adverse outcomes. Study findings strengthen support for heavier drinking being only one of a number of components in the causal pathway to non-alcohol adverse outcomes. It is plausible, however, that the effects on psychosocial outcomes are weaker because they are indirect, and therefore they may be more likely to occur in high-risk groups [7] .
Study findings have a number of implications for prevention. While the three alcohol exposures were related to outcomes in a broadly similar way, the findings highlight Highest exposure category for: (1) maximum frequency of alcohol use is: weekly+ alcohol use; (2) maximum number of standard drinks consumed per drinking occasion is: 7+ drinks; and (3) maximum number of alcohol-related problems is: 5+ problems; we assumed exposure to the highest category can be prevented and individuals in the highest category instead had been in the penultimate category [i.e. for maximum frequency of alcohol use we assumed weekly+ drinkers had been <weekly drinkers; for maximum number of standard drinks consumed per drinking occasion we assumed heavy bingers (7+ drinks per occasion) had been moderate bingers (5-6 drinks per occasion); and for maximum number of alcohol-related problems we assumed highly problematic drinkers (5+ problems) had been moderately problematic drinkers (3-4 problems)]. Only Christchurch Health and Development Study (CHDS) contributed data; only Bonferroni-adjusted significant associations between alcohol exposure and categorical outcomes shown; NS = not statistically significant; adjusted using a multiple propensity score approach, with propensity scores computed for each individual based on the available probable predictors of adolescent alcohol use and combined across studies (see Table 3 footnote for information about the specific predictors included).
the potential value of frequency of alcohol use as an indicator of future drinking problems. Frequency of adolescent drinking predicted substance use problems in adulthood as much as, and possibly more than, heavy episodic and problem drinking independent of individual, family and peer predictors of those outcomes. Although large proportions of adolescents are exposed to this risk, current public health measures tend to focus upon the amount (quantity) consumed. There are fewer messages recommending less frequent use of alcohol. We found that assuming it were possible to eliminate all alcohol use prior to age 17 then substance use and alcohol problems in adulthood would be expected to reduce by 11-35%. Stopping drinking entirely before age 17 is reasonable, given that these adolescents are not yet at legal purchase age; however, it seems unrealistic in the context of our alcohol culture. Using less stringent criteria, if it were possible to prevent weekly drinking or heavy binging prior to age 17, then the expected reduction in harmful drinking patterns in adulthood would be smaller (5-11%). This suggests that if a goal is to prevent harmful drinking patterns in adulthood then interventions targeting higher-risk drinking behaviours in adolescence may have limited long-term effects. This is consistent with findings from other research on the topic [36] , and supports a population-level approach to preventing alcohol harm.
This study had several limitations. First, weekly alcohol use in adolescence is socially normative in Australasia and may not encapsulate 'high risk' alcohol use. However, results from analyses of the other measures of adolescent alcohol exposure were generally consistent with analyses of frequency of alcohol use. Secondly, there were some between-study variations in the frequency of both adolescent alcohol use/problems and psychosocial outcomes. These differences could have implications for both the precision and validity of effect-size estimates for the associations in the integrated data. However, Wald tests in adjusted models provided no evidence of between-study heterogeneity in effect sizes, suggesting that the findings were robust to differences in measurement between studies. The number of participants varied by analysis and the ability to detect a specific effect, if one was present, would have been greatest in analyses which included data from all four cohorts. Thirdly, measures were self-reported and so may be subject to social desirability response bias which may vary with age [37] . Such bias could lead to over-or under-reporting of alcohol use. In face-to-face settings (as is generally the case for the cohorts in this study) adolescents might be more likely than adults to under-report risk behaviours [37] ; however, under-reporting is more likely to attenuate rather than inflate observed associations. Fourthly, although we controlled for many potential confounding factors, the possibility that the associations might show the effects of uncontrolled confounding cannot be ruled out completely [7] . Residual confounding could attenuate the associations. Fifthly, similarities in the cultural/social context and epidemiology of alcohol use between Australia, New Zealand and other high-income countries suggests that these findings may be most applicable to other high-income countries. It is less certain how generalizable these findings are to countries where the epidemiology and socio-economic contexts of alcohol use are not as well understood.
Adolescence is a key developmental period during which patterns of alcohol use can become established and is an opportune period to prevent problem drinking patterns from occurring. There is growing concern about the adverse impacts of alcohol use on young people and debate about the most effective ways to reduce these harms [4] . Population-level public health interventions such as alcohol taxation and increasing the minimum legal drinking age appear to be effective strategies in reducing risky drinking [4] . While there is strong evidence that increasing the legal drinking age will reduce alcohol-related harms in young people [32, 34, 38] , the approach is contentious and has little community and political support [39] . Approaches such as the legislative control of the secondary supply of alcohol [40] (which prohibits anyone other than a legal guardian allowing their child to drink in private settings) have been implemented and require evaluation. Parents also have an important role in the prevention of harms, as they are a major supplier of alcohol to adolescents [41] , and parental supply does not reduce risky drinking [41] . Discouraging or delaying frequent or heavy alcohol use in adolescence is likely to have substantial benefits in adulthood in preventing the entrenchment of harmful drinking behaviours which adversely affect health and wellbeing.
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